Abstract. The observed currents in the eastern equatorial Indian Ocean and in the outflow straits of the Indonesian Throughflow (ITF) are shown to have significant intraseasonal variations and coherency during January 2004 -November 2006. The wavelet analysis between the eastern equatorial Indian Ocean and the ITF straits demonstrates significant intraseasonal coherency for the observed current at 50m depth. At 150m depth, the intraseasonal coherency only occurs between the observed currents in the eastern equatorial Indian Ocean and in the Lombok and Ombai Straits. On the other hand, at 350m depth the intraseasonal coherency is only found between the eastern equatorial Indian Ocean and the Ombai Strait. This intraseasonal coherency is associated with the wind-forced equatorial Kelvin waves which propagate eastward along the equatorial and coastal wave guides. Near-surface intraseasonal variations are associated with the first baroclinic mode with typical phase speed of 2.91 ± 0.46 m s-1, while the deeper layer intraseasonal variations are associated with the second baroclinic mode with typical phase speed of 1.59 ± 0.18 m s-1. Moreover, the lag correlations between the zonal winds and the observed currents at the ITF straits further demonstrate the source of intraseasonal variations in the ITF.
Introduction
The transport between the Pacific and Indian Oceans, known as the Indonesian Throughflow (ITF), strongly influences the mass, heat, and fresh water budget of these two oceans [1, 2] . The main route of thermocline water of the ITF is through Makassar Strait, then entering the Banda Sea before exiting to the Indian Ocean through the Lombok Strait, Ombai Strait, and Timor Passage [3] . On the other hand, the intermediate and deep water masses enter the Banda Sea through the Molucca and Halmahera Seas [4, 5] .
Previous studies have suggested that wind forcing from the Pacific, Indian and regional Indonesian region modulates the ITF on wide range of time-scales; interannual, annual, semiannual, and intraseasonal time-scales. Within intraseasonal and semiannual time-scale, in particular, remote forcing from equatorial Indian Ocean influences the ITF transport through the propagation of equatorial Kelvin waves. Upon reaching the western coast of Sumatra, these waves bifurcate to the north and south in the form of coastal Kelvin waves. The southern branch propagates further east following the coastal wave guide and finally reaches the ITF straits [6, 7] . Chong et al. [8] using data from shallow pressure gauge array (SPGA) mounted at the ITF straits has found that the intraseasonal variations of the ITF are associated with a propagation of coastal Kelvin waves generated by atmospheric intraseasonal fluctuations over the equatorial Indian Ocean. The passage of the Indian Ocean wind-forced Kelvin waves has also been observed in the mooring site off south Java at (8º11.5'S, 109º32'E) [9, 10] , and in the sea level data along the southern coasts of Java and Sumatra [11, 12] .
The purpose of this study is, therefore, to give a detailed description of the intraseasonal variance and coherency of the observed currents in the eastern equatorial Indian Ocean and in the throughflow straits: the Lombok Strait, Ombai Strait, Makassar Strait, and Timor Passage. Wavelet analysis [13] is used to isolate the intraseasonal variations, while an analysis using wavelet coherency is used to link these intraseasonal variations.
The presentation of this paper is organized as follows. In section 2, we start with a description of the data from the observations conducted in the ITF straits and in the eastern equatorial Indian Ocean. In section 3, we show the observational results from each mooring. Section 4 presents the wavelet spectra to isolate the dominant period of intraseasonal variations. Wavelet coherency is used to analyze relationships of the intraseasonal variations between the eastern equatorial Indian Ocean and the ITF straits. In section 5, we will explore the dynamics underlying the relationships of the observed intraseasonal variations. Section 6 summarizes the results from the present study.
Data
As part of the INSTANT (International Nusantara Stratification and Transport program) project, several subsurface acoustic Doppler current profiler (ADCP) moorings have been deployed in the outflow straits of the ITF [14] . We used data from INSTANT moorings in the Lombok Strait (8.4°S, 115.9°E), Ombai Strait (8.53°S, 125.01°E), and in the Timor passage at 11.16°S, 122.77°E ( Figure 1 ). In the eastern equatorial Indian Ocean, on the other hand, an upward-looking subsurface ADCP has been deploying at 0°S, 90°E since 14 November 2000 ( Figure 1 ). Readers are referred to [17, 18] for the detail of the mooring. The ADCP measures vertical profile of currents from sea surface down to about 400 m depth with a vertical interval of 10 m. Measurements still continue to the present and the data set is now being the longest observational data available for the equatorial Indian Ocean. Figure 2 shows the observed zonal current in the eastern equatorial Indian Ocean together with the meridional currents in the three major ITF straits for the period of January 2004 to November 2006. At the equatorial mooring, the near-surface current reveals robust intraseasonal variations throughout the whole period of observation ( Figure 2a) . Masumoto et al. [17] reported that the near-surface intraseasonal variations are mostly forced by intraseasonal atmospheric disturbances over the eastern equatorial Indian Ocean.
Results

Variability of the Observed Currents
Observed Currents in the Eastern Equatorial Indian Ocean
The observed currents also reveal a classical view of semiannual eastward jets in the upper layer during the monsoon breaks in April-May and OctoberNovember, which are well known as the Wyrtki jets. In the deeper layer, on the other hand, alternating eastward and westward currents are observed with period of about six months. An upward phase propagation of the signals (phase lag between the upper and deeper currents) is also observed, indicating a downward energy propagation associated with the equatorial wave propagation, as was detected in the previous observations in the central Indian Ocean [19, 20] . Moreover, Iskandar et al. [18] have suggested that the eastward subsurface zonal currents are forced by the eastward zonal pressure gradient associated with the propagation of equatorial waves. 
Observed Currents in the Outflow
Spectra Characteristics of the Observed Currents
In order to isolate the dominant period of intraseasonal variations, the wavelet spectrum analysis is applied to the observed currents at each mooring locations.
Further details on wavelet analysis can be found in [13] . Overall, the observed currents at all mooring locations indicate robust intraseasonal variations within the period of 20 -100 days (Figures 3 -6 ). In addition, there was considerable year-to-year variation in the fluctuation strength of the wavelet energy as well as in its distribution among the different periods.
Wavelet Power Spectra of the Observed Currents at 0°S, 90°E
Pronounced oceanic intraseasonal variations with period of 20 -100 days are clearly observed at 50 m depth (Figure 3a ) throughout the period of observation as previously observed in the earlier observation [17] . 
Wavelet Power Spectra of the Observed Currents at Outflow straits of the ITF
Lombok Strait
The wavelet power spectrum for the observed currents at 50 m depth in the Lombok Strait (Figure 4a) 
Ombai Strait
The 
Timor Passage
The wavelet power spectra of the observed currents in Timor Passage also reveal intraseasonal variations (Figures 6a -c 
Coherence analysis
In order to evaluate the relationships between the oceanic intraseasonal variations in the eastern equatorial Indian Ocean and in the outflow straits of the ITF, wavelet coherency is a useful method. Following [13] , we defined the wavelet squared coherency of two time series as
where  is a smoothing operator in both time and scale. W n 
where (*) indicates the complex conjugation. Note that n indicates the time index, while s is the scale. Throughout this paper, the term "coherency" indicates the wavelet squared coherency. 
Wavelet Coherency Between the Eastern Equatorial Indian Ocean and the Outflow Straits of the ITF
Wavelet Coherency in the Outflow Straits of the ITF
The intraseasonal oceanic coherency in the ITF regions is further investigated by calculating the wavelet coherency between the observed currents in the Lombok Strait and in the other throughflow straits (e.g. Ombai, Makassar, and Timor Straits) at each level (Figures 10-11 ). 
Discussion
In this section, we performed correlation analysis on the 20 -100 days bandpass filtered currents to elucidate the dynamics underlying the relationships between the intraseasonal variations observed in the eastern equatorial Indian Ocean and those in the outflow straits of the ITF (Figure 12 ). It reveals that at 50 m depth the observed currents in the all throughflow straits are highly correlated with those in the eastern equatorial Indian Ocean in different time-lag (Figure 12a ). Maximum correlations occur when the observed currents in the eastern equatorial Indian Ocean lead those in the Lombok, Timor and Ombai Straits at 10, 15 and 17 days, respectively. These results indicate that there is an eastward propagation signal from the eastern equatorial Indian Ocean to the throughflow straits. The estimated phase speed calculated from this time-lag correlation is 2.91 ± 0.46 m s-1, which is close to the theoretical phase speed of the first baroclinic Kelvin wave [21] . Previous study has also suggested that the upper-layer intraseasonal variations in this region are mostly dominated by the first baroclinic mode [22] .
At 150 m depth, however, only observed currents in the Lombok and Ombai Straits show significant correlation, while the lag correlation for the Timor Passage fall below the 95% significant level (Figure 12b) . Maximum correlations observed when the currents in the Lombok and Ombai Straits lag those in the eastern equatorial Indian Ocean by 18 and 26 days, respectively. Moreover, all correlations for the observed currents at 350 m fall below the significant level except for the Ombai Strait which shows significant correlation at 24 days time-lag (Figure 12c ). The phase speed estimated for the propagating signals at depths of 150 and 350 m is 1.59 ± 0.18 m s-1, which is close to the theoretical phase speed of the second baroclinic mode. In addition, this estimated phase speed is also in agreement with the result from the modeling study which suggested that the second baroclinic mode dominates the subsurface oceanic intraseasonal variations along the southern coasts of Indonesia [22] . To further understand the role of remote wind forcing impacting the intraseasonal variations in the throughflow regions, the zonal component of the winds is correlated with the observed currents in the outflow straits of the ITF at 50 m depth ( Figure 13 ). Note that the 20 -100 days band-pass filter has been applied to both the zonal winds and the observed currents. It turns out that maximum correlations occurred over the equatorial Indian Ocean when the winds lead the observed currents in Lombok and Ombai Straits by 17 and 22 days, respectively. These findings further indicate that the remote signals generated in the equatorial Indian Ocean propagate along the equatorial and coastal wave guides and then reach the ITF regions. The observed currents in the Timor Passage, however, do not show high correlation with the observed winds over the equatorial Indian Ocean (Figure not shown). 
Summary
Measurements from ADCP moorings in the eastern equatorial Indian Ocean and in the ITF straits have been used to analyze the coherent oceanic intraseasonal variations in this region. In addition, we have also investigated the dynamics underlying the coherency based on the wind-forced generated Kelvin waves along the equatorial and coastal waveguides.
The wavelet analysis is applied to the observed currents at each depth observed at all mooring sites. The results show that there exist robust intraseasonal oceanic variations at a period of 20 -100 days in the eastern equatorial Indian Ocean as well as in the ITF straits. The wavelet coherency between the eastern equatorial Indian Ocean and the ITF straits demonstrates significant intraseasonal coherency for the observed current at 50 m depth. At 150 m depth, on the other hand, the intraseasonal coherency only occurs between the observed currents in the eastern equatorial Indian Ocean and in the Lombok and Ombai Straits. Moreover, the intraseasonal coherency is only found between the eastern equatorial Indian Ocean and the Ombai Strait for the observed currents at 350 m depth. The absence of intraseasonal coherency between the eastern equatorial Indian Ocean and the Timor Passage for the observed currents in the deeper layer is probably due to the different forcing of the intraseasonal variations at these straits. Previous studies have suggested that the potential forcing for subsurface intraseasonal variations at these straits comes from the off-equatorial Pacific Rossby waves [23] . On the other hand, the absence of intraseasonal coherency for the observed currents at 350 m in the Lombok Strait may be related to the topography of Lombok Strait. The maximum depth in the Lombok Strait is less than 300 m, which may block the subsurface incoming signals from the Indian Ocean.
The intraseasonal coherency between the observed currents in the eastern Indian Ocean and those in the ITF straits is associated with the wind-forced equatorial Kelvin waves which propagate eastward along the equatorial and coastal wave guides. The lag correlation analysis indicates that the near-surface intraseasonal variations are associated with the first baroclinic mode, while the deeper layer intraseasonal variations are associated with the second baroclinic mode. Moreover, the lag correlations between the zonal winds and the observed currents at throughflow straits further demonstrate the source of intraseasonal variations in the ITF regions.
It is also interesting to note that the spectra of the observed currents at all mooring sites (Figures 3 -6 ) indicate a year-to-year variation. One would be expected to force this year-to-year variation is the equatorial winds in the Indian Ocean. Our calculation on the wind variability along the equatorial Indian Ocean within intraseasonal time-scale (10 -100 days) indicates that the intraseasonal signals during 2005 are relatively stronger than those during other years, in particular during the Indian Ocean Dipole (IOD) event of 2006. Recent study has shown that the sea surface temperature gradient associated with the IOD events might reduce the atmospheric intraseasonal oscillation [24] . However, it is difficult to show with confidence the dominant forcing for the interannual modulation of intraseasonal signals in the ITF region using these limited data. We are currently conducting a detailed analysis on low-frequency modulation of intraseasonal variations in the ITF region using output from highresolution model, results of which will be the subject of a subsequent paper.
